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Abstract 
Classifying 33 undisturbed, perennial springs of the Pffilzerwald 
mountains by macrobenthic communities, three different groups of 
springs have been found. Springs in this area can be divided into 
lotic ones, mostly rheocrenes, with coarse substrates and, as a dis- 
tinct group, lenitic ones, mostly helocrenes and limnocrenes, having 
fine substrates. Furthermore, acidity separates the lotic springs into 
two additional groups, an acid one with pH-values mostly lower 
than 5.5 and a second, moderate or not acid one showing pH-values 
mostly higher than 6. 
All springs, especially the acidic ones, are predominantly popu- 
lated by crenobiontic and crenophilous species, though unacidified 
lotic springs show high proportions of rhithrobiontic organisms. 
Hence, it is concluded, that spring dwelling species, as an adaptation 
to special crenal living conditions, are more tolerant to low pH-val- 
ues than rhithrobiontic ones are. 
In the Pf~lzerwald mountains, the character of substrate - which 
is an expression of current velocity - is the main factor determining 
spring communities. Acidity has an influence on the community 
structure only in the lotic springs. 
Introduction 
Springs are the interfaces between groundwater and superfi- 
cial waters and thus represent an autonomous type of 
biotope. They were for a long time considered merely as the 
uppermost section of brooks and rivers and few limnologists, 
amongst them THIENEMANN (1926) and ILLIES & BOTO- 
SANEANU (1963), recognised the distinct character of these 
biotopes. Not until the early nineteen eighties did springs be- 
come a focus of wide ranging ecological research for many 
ecologists [see recent publications of FERRINGTON (1995), 
Gesellschaft iJr Quell6kologie und Quellschutz e.V. (1996) 
or BOTOSANEANU (1998)1. 
As springs are very variable it is not possible to correlate 
single abiotic parameters with the occurrence of spring or- 
ganisms. Since THIENEMANN (1924), stability and constancy 
have been considered the main characteristics of spring 
biotopes. However, it has been increasing recognised recent- 
ly that many of the abiotic parameters show a more or less 
moderate degree of variability. Consider temperature, for ex- 
ample, commonly regarded as being constantly low and of 
prime importance for spring organisms. Springs in Franken- 
wald/Bavaria exhibit both diurnal and annual variability 
(BEmRKU~NLE~N & GP, ASLE 1993), with the temperature be- 
tween the different sites ranging from 1.5 °C up to 14.6 °C, 
depending on the origin of water, the altitude and rate of dis- 
charge. F~SCHE~ (1996a) argues, that cold stenothermy is not 
the most important aspect of crenal ife and that the composi- 
tion of spring communities results from a variety of factors 
including habitat structures, microclimate, food and compe- 
tition. 
Since THIENEMANN (1924) springs have been widely clas- 
sified according to their morphology (helocrene, limnocrene 
and rheocrene), supplemented by the calcium content (cal- 
careous or siliceous prings) or by particular factors such as 
temperature (cold, thermal or hot springs) or salinity (fresh- 
water or saltwater springs). More recently, some authors 
have tried to classify springs using both community and abi- 
otic parameters. While these results often seem incongruous 
they demonstrate the polymorphic character of these 
biotopes. Classifying Dutch helocrenes, VERDONSCHOT & 
SCHOT (1987) described constancy of discharge, acidity and 
eutrophication as the main parameters determining crenal 
communites. ROCA & BALTANAS (1993) found that conduc- 
tivity and discharge are prime factors determining the taxo- 
nomic composition of ostracods in pyrenean springs. In con- 
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trast, BONETTINI 8,: CANTONATI (1996) found discharge and 
particle size of subtrata to be prime factors determining the 
composition of macrobenthic assemblages with no observ- 
able influence of the carbonate status. A classification for hy- 
drochemically homogenous springs in central Switzerland is 
based on morphological characteristics and correlates well to 
macrobenthic ommunities (ZOLLHOFER 1997). Recently, 
MEZQUITA et al. (1999) considered climate and hydro-chem- 
istry to be prime factors determining spring benthocenoses 
and, in agreement with VERDONSCHOT ~; SCHOT (1987), they 
regard, that substrates are of secondary importance. 
Supported by the Ministerium for Umwelt und Forsten 
Rheinland-Pfalz, the NGO Bund fiir Umwelt und 
Naturschutz Deutschland (BUND), Landesverband Rhein- 
land-Pfalz e. V., ran a representative r cord of springs in the 
Pf~ilzerwald mountains (Southwestern Germany) in 1995. In 
IN 
A 
this paper I use the results of the BUND-study (FIEDLER- 
WEIDMANN & HAHN 1996) to seek to classify the undisturbed 
and perennial springs of this area, based principally on the 
macrobenthos, but also considering morphology and hydro- 
chemistry. 
Study area 
)~Jrkheim 
Reaching an average altitude of 550-600 m above sea level, 
the Pf~ilzerwald mountains are situated 50 km west of Hei- 
delberg and 100 km south of Frankfurt on the western shore 
of the upper Rhine valley. Covering an area of 1770 km 2, 
they form one of the largest forested landscapes in Germany. 
Their characteristic and dominating rock formation are the 
different layers of the bunter sandstone. The area is drained 
by a radiating system of streams draining to the Rhine and 
the Moselle rivers. Most of the sandstone 
derived waters exhibit low conductivity 
(50-150 btS/cm), are soft (hardness <4 °dH, 
mostly < 1 °dH) and have a poor buffering 
capacity (HAHN 1996). At higher altitudes, 
the springs tend to become acidic as a result 
of sulphuric and nitrogenous impacts 
(FIEDLER-WEIDMANN & HAHN 1996; HAHN 
et al. 1998). The high content of oxygen in 
groundwater and in most of the springwaters 
(< 9 rag/l) is remarkable and is a peculiarity 
of the sandstone catchment (HAHN 1996). 
The BUND study (see above) intensively 
investigated 141 springs representative of
the area, and this study considered 33 of 
these sites being undisturbed and perennial 
(Fig. 1). 
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Methods 
The results described in this paper were recorded 
from samples taken once at each spring between 
April and June 1995. 
Structural and physico-chemical 
parameters 
pH-value (Metrohm E588 with electrode from 
Mettler Toledo), conductivity (Metrohm E587), 
oxygen concentration (WTW Oxi 96) and buffer- 
ing capacity (titration with 0.1 tool/1 HC1 to pH- 
value 4.3) were measured in the field. Discharge 
was estimated by sampling the spring water in a 
vessel for a defined time. 
1. Map of the PfNzerwald mountains. The area is situated in 
the southwest of Germany, abutting the French border in the south. 
The springs investigated are marked by a bold, black point. 
Analysis of soluble Ca, Mg, NO2, NO 3, C12, 804, Mg, Zi, Ni and 
A1 were carried out by the laboratory of Landesamt f ir Wasser- 
wirtschaft Rheintand-Pfalz. 
Substrata were recorded in five classes of frequency: 0 = absent; 
1 = little; 2 = medium; 3= much; 4 = throughout. 
For a first approximation, springs were divided into three mor- 
phological types, helocrenes, limnocrenes and rheocrenes. 
Fauna 
Sampling was mainly limited to macrozoobenthos. Animals were 
sampled with a handnet (1 mm mesh apertures) for 30 minutes at 
each site, considering all occurring substrata. 
Frequency was estimated using eight classes: 0 = absent; 1= sin- 
gle; 2 = very rare; 3 = rare; 4 = medium; 5 = abundant; 6 = very 
abundant; 7 = massive. Samples were preserved in70% alcohol. 
Turbellaria were determined alive in the field. All other animals, 
except Oligochaeta and Diptera, were identified to species level in 
the laboratory. 
The different ecological types of macrobenthos have been char- 
acterized according to the tables of FISCHER (1996b), L~nderarbeits- 
gemeinschaft Wasser (1995) and by Bayerisches Landesamt fiir 
Wasserwirtschaft (1996). For many higher taxa and some species an 
ecological classification was not possible, 
Numerical analysis and graphics 
Ordination and classification ofthe springs was conducted, from the 
macrobenthic data, using multidimensional scaling (MDS). The dis- 
tance measure for ordinal scaled values is Phi-Square using the Eu- 
clidian Distance scaling model - MDS does not assume a normal 
distribution. 
The significance of the classes found was examined using Dis- 
criminant Analysis on transformed data - physico-chemical data to 
[log (x + 1)]; ordinal scaled data of frequency of substrata nd 
benthos to interval scaled ones (Table 1) and afterwards also to 
[log (x + 1)]. To produce the graphics (Fig. 3), ordinal scaled ata of 
abundance of benthos were transformed tointerval scaled ata. 
Statistical differences between i dependent variables were tested 
by Whitney-Mann U-test and linear correlations by Spearman rank 
correlation coefficients. 
All statistical nalysis were processed by SPSS 6.1.3. 
Table 1. Transformation f ordinal scaled ata of frequency of sub- 
strata nd benthos to interval scaled ata. 
Results 
Structural and physico-chemical parameters 
Of the springs investigated 67% are rheocrenes, 21% he- 
locrenes and 12% limnocrenes. There is high substrate diver- 
sity, averaging 10 (SD = 2) and ranging from 5 to 14 (Table 
2) but there is slight mean difference between the three types 
of springs (helocrenes 11.6; rheocrenes 9.9; limnocrenes 
9.9). 
As expected, the substrates of most helocrenes and lim- 
nocrenes are characterized by organic and fine granulous 
matter like detritus, unoxic mud, macrophytes and clay. 
These substrates are significantly more abundant han in 
rheocrenes (U-Test, p < 0.05), while coarse inorganic matter 
like gravel and stones are more abundant in rheocrenes (U- 
Test, p < 0.05). Composition of substrates in limnocrenes i
mostly similar to helocrenes, but because of the low number 
of sites, l imnocrenes have not been included in statistical 
procedures. 
Considering the physico-chemical parameters (Table 2), 
there are no differences between the spring types with the 
single exception of oxygen, which is significantly higher (U- 
Test, p = 0.001) in rheocrenes (mean = 10.4 rag/l; SD = 0.7) 
than in helocrenes (mean = 8.5 rag/l; SD = 1.3). 
Discharge from the springs is typically low, ranging be- 
tween 0.03 and 5.0 1/s (mean -- 0.6 l/s, SD = 0.95). Tempera- 
ture varies around a mean of 9.8 °C, from 7.4 to 17.9 °C, 
both values being measured in helocrenes. Conductivity is 
low, ranging from 60 ~aS/cm to 392 pS/cm (mean = 152 IJS/ 
cm, SD = 75.5). The water of many springs is acidic with 
21% having pH-values less than 5, while only 39% have pH 
values greater than 6. The buffering capacity is correspond- 
ing low [ (04 .6  mmol/1; median = 0.1 mmol/1), as are calci- 
um (2.8-32 mg/1; mean = 11.8 mg/1, SD = 7.3) and magne- 
sium (1.2-22.0 mg/l: mean = 4.8 mg/1, SD = 4.3). Sulphate is 
moderate (8.7-70.5 mg/1; mean -- 30.8 mg/1, SD = 16.3) 
while nitrate is low (0.2-24.7 mg/1; mean = 5.8 mg/1, SD -- 
6.3). 
There are strong significant correlations between pH- 
value and both aluminium and buffering capacity, and be- 
tween conductivity and both magnesium and calcium. 
Substrata Macrozoobenthos 
Raw data Transformed data Raw data Transformed data 
0 0 
1 12.5 
2 25 
3 50 
4 100 
0 0 
1 1 
2 4 
3 8 
4 16 
5 32 
6 64 
7 128 
Fauna 
In the springs investigated 84 species and higher taxa were 
found (see Table 3). Polycelis felina, the only turbellarian 
found, is very frequent and present in rheocrenous springs 
and characteristic of siliceous springs and brooks. Gamma- 
rusfossarum is another typical species being frequently pre- 
sent in unacidified springs, especially in rheocrenes. Diptera 
are widely spread, preferring helocrenous prings. Pleco- 
ptera especially Leuctra nigra, Nemurella pictetii and the 
family Nemouridae are present in most of the springs, while 
numerous pecies of Coleoptera dwell in helocrenes and in 
Limnologica 30 (2000) 3 249 
Table 2. Structural and physico-chemical characteristics of the sampling sites, measured one time in spring 1995 (see also Table 1 and Fig. l). 
Helo = helocrene; Limno = limnocrene: Rheo = rheocrene. 
Sites 
Physico-chemical parameters 
o 
e 
:a .  
Structural parameters 
_g em = 
= m -~ ~ 
Q10 0.05 8.9 10.4 153 9 3 6.1 0.10 12.5 2.0 30 Rheo 10 0 0 2 0 3 1 1 0 1 1 1 2 
Q15 0.10 8.5 10.9 204 13 6 4.3 0.02 4010.0 4.2 69 Rheo 11 0 1 1 0 1 1 1 0 1 2 1 1 
Q18 0.30 8.7 9.4 162 13 6 5.1 0.10 90.0 3.6 49 Helo 14 1 3 1 2 3 1 2 1 2 1 1 1 
Q24 0.03 8.9 10.4 165 14 4 6.9 0.30 12.5 1.3 40 Rheo 5 0 1 3 2 0 0 0 0 3 0 0 0 
Q29 0.03 7.4 6.4 200 13 7 5.2 0.40 60.0 1.2 65 Helo 10 0 1 3 2 1 0 i 0 2 0 1 2 
Q36 1.50 9.3 10.7 229 16 6 4.9 0.03 550.0 9.3 71 Rheo 11 0 1 4 1 1 0 1 0 2 1 2 1 
Q37 2.00 9.5 10.4 183 15 5 5.6 0.20 12.5 7.7 49 Rheo 11 0 1 2 1 2 1 2 0 3 1 2 2 
Q40 0.30 9.9 9.0 141 11 3 6.1 0.40 12.5 2.8 19 Rheo 13 0 2 2 1 2 2 1 1 1 1 3 2 
Q42 0.30 8.9 10.6 151 10 5 5.3 0.07 12.5 2.2 41 Rheo 8 0 1 2 0 2 0 0 0 1 2 1 1 
Q43 0.20 18.0 9.0 93 10 2 5.9 0.13 12.5 4.0 23 Helo 11 2 3 2 1 3 2 3 1 1 1 0 0 
Q44 0.03 8.8 8.0 72 8 2 4.2 0.00 340.0 0.4 29 Limno 8 1 2 1 0 1 0 2 1 1 1 0 0 
Q59 5.00 7.7 11.1 171 4 1 4.9 0.06 520.0 1.1 16 Rheo 10 0 0 2 1 2 0 1 0 1 1 1 2 
Q60 0.80 7.9 10.8 167 4 1 5.3 0.04 50.0 2.5 12 Rheo 12 0 1 3 1 1 1 1 0 2 1 1 2 
Q62 0.40 8.7 10.6 105 10 4 5.1 0.05 120.0 9.2 30 Rheo 10 0 0 1 1 1 0 1 0 1 2 1 1 
Q65 0.20 10 8.9 100 5 1 4.1 0.00 2560.0 1.3 30 Rheo 9 0 1 3 1 0 1 1 0 1 1 1 0 
Q66 1.00 9.2 10.8 96 12 3 5.4 0.I0 60.0 3.9 29 Rheo 11 0 1 2 2 2 1 1 0 1 1 2 0 
Q67 0.30 10.0 8.9 100 18 1 4.1 0.00 2560.0 1.3 30 Helo 11 1 2 2 1 2 1 1 0 1 0 1 1 
Q80 0.07 9.7 10.3 81 5 2 5.2 0.20 12.5 4.2 22 Rheo 9 0 0 2 1 3 0 1 0 1 1 2 2 
Q81 0.50 9.9 10.3 66 6 2 5.8 0.10 12.5 3.5 18 Rheo 11 1 2 3 2 1 0 1 0 2 1 2 1 
Q84 0.80 9.2 10.0 72 5 2 5.2 0.10 12.5 6.8 16 Rheo 9 0 1 3 1 1 0 t 0 2 1 0 0 
Q89 0.20 9.3 9.4 61 3 2 6.4 0.20 70.0 0.2 8.7 Helo 13 2 2 2 2 1 1 3 1 2 1 0 1 
Q91 0.07 14.0 9.7 69 4 2 4.9 0.02 390.0 0.8 16 Limno 8 2 3 1 0 1 0 2 1 1 0 0 0 
Q93 0.30 9.1 10.2 146 10 4 6.9 0.70 
Q108 1.60 9.5 10.7 80 5 2 5.1 0.10 
Ql l0  1.40 9.1 8.7 60 4 1 5.6 0.10 
Ql12 0.03 10.0 10.8 252 28 10 6.8 1.20 
Ql13 0.20 11.0 11.2 235 15 5 7.9 1.10 
Ql15 0.10 9.1 10.8 235 20 10 6.7 1.30 
Ql19 0.80 11.0 10.9 110 10 4 6.7 1.50 
Q124 0.90 9.7 9.1 208 18 10 6.7 1.30 
Q129 1.00 9.5 9.2 196 15 8 6.7 1.10 
Q137 0.20 12.0 10.6 265 25 13 7.3 1.70 
Q139 0.30 11.0 6.0 392 33 22 7.2 4.60 
12.5 3.3 25 Rheo 11 0 1 2 1 1 1 2 0 1 2 1 1 
12.5 4.0 19 Rheo 10 0 1 2 2 1 0 0 0 2 2 1 2 
12.5 3.7 12 Rheo 12 0 1 2 2 2 1 1 0 2 2 2 3 
60.0 25.0 27 Rheo 11 0 1 1 1 9 9 3 0 1 2 2 1 
12.5 15.0 15 Rheo 8 0 0 2 2 0 1 1 0 1 1 0 1 
50.0 24.0 32 Rheo 7 0 1 3 0 3 0 1 1 2 2 0 0 
12.5 4.1 24 Limno i0 0 1 1 1 1 0 3 0 2 1 1 2 
12.5 6.4 33 Limno 8 0 2 1 1 1 0 2 0 3 1 0 1 
12.5 6.1 33 Helo 11 1 1 1 1 1 1 4 1 2 1 0 0 
12.5 9.0 56 Rheo 9 0 0 .3 1 1 1 1 0 2 1 1 0 
12.5 18.0 28 Helo 11 1 1 1 1 1 1 3 1 1 1 0 0 
unacidif ied lotic springs. Trichoptera are also typically 
found but mainly in unacidif ied rheocrenes. Notable is 
the almost complete lack of mayfl ies which are affected by 
the soft water; only one specimen of Bae'tis vernus was 
found, surprisingly in the moderately acidif ied spring Q37 
(pU = 5.6). 
Due to the isolation of springs most species are not widely 
present and mostly occur in small numbers. Thus, communi-  
ty classif ication is not simplified. It was lead through by 
mult idimensional scaling (MDS). 
MDS separates the springs investigated into three distinct 
groups (Fig. 2), a result conf irmed by the discriminant analy- 
ses which classified all of the springs correctly, both using 
abiotic parameters (function 1: eigenvalue -- 5.1584, can. 
corr. = 0.9152, Sign. = 0.0004; function 2: eigenvalue = 
3.5246, can. corr. = 0.8826, Sign. = 0.0132) and faunistic 
data (function 1: eigenvalue = 8.3371, can. corr. -- 0.9449, 
Sign. = 0.0000; function 2: eigenvalue = 2.6894, can. corr. = 
0.8538, Sign. = 0.0008). 
• Group I 
Group I includes 12 springs (Fig. 2), which are all acidic 
rheocrenes (range = pH 4.1-5.6, mean = pH 5.03, SD. = 
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Fig. 2. Multidimensional scaling (MDS): ordination of the springs investigated bytheir macrobenthic communities. Three groups of springs 
are distinguished: Group I springs are lotic and acidic, group II springs are lotic and not acidic, and group III springs are lenitic with a wide 
range of pH-values. 
Abbreviations: anox. mud = anoxic mud; coarse s. = coarse substrates; Gam. f. = Gammarusfossarum; Leu.n. = Leuctra nigra; Nem. p. = Ne- 
murelIa pictetii; Pol. f. = Polycelisfelina. Distance-measure: Phi-square, stress = 0.23. 
0.44) with a lot of coarse substrate (gravel and stones) and 
sparse fine substrate (detritus, anoxic mud and clay). 
The number of species and taxa is low with only 31 
species and higher taxa detected (Tables 3 and 4). The 
springs of group I may be characterized by the abundance 
and presence of Polycelis felina and the absence of Gam- 
marusfossarum. Plecoptera (7 species and higher taxa, espe- 
cially Leuctra nigra and Nemouridae) and Diptera are com- 
mon while Coleoptera re represented by small numbers of 
few species. 
Most of the animals found are crenobiontic or creno- 
philous and the very most of them are resistant or tolerant to 
acid (Fig. 3). All types of feeding live in the springs of group 
I, but grazers are significantly underrepresented. 
• Group II 
Most of the springs of group II are rheocrenes (9 sites) like 
group I, but there is also one limnocrenous and one helocre- 
nous spring (Fig. 2). Group II springs are not acidific (range 
= pH 5.6 - 7.9, mean = pH 6.6, SD. = 0.64) and the pH-value 
is significantly higher than in group I (U-Test: p = 0.0001, 
n = 23). Substrata re comparable to those of group I, but 
fine substrata re more frequent in group II (U-Test: p = 
0.0167, n = 23). Considering discharge, no significant differ- 
ence between group I and group II springs could be found. 
Group II, with 53 taxa, has the greatest taxonomic and 
species richness, being significantly higher (U-Test: p -- 
0.0045, n -- 23) than in group I. The dominant species is 
Gammarusfossarum, occurring in high populations at nearly 
every site (Tables 3 and 4). Also common is Polycelisfelina, 
and there is a high species richness of Coleoptera (10) and 
Trichoptera (13). 
Crenobiontic and crenophilous organisms occur in high 
numbers, but the main category is crenophilous-rhithrobion- 
tic as a result of the huge populations of Gammarus fos- 
sarum (Fig. 3). This also skews the overall fauna to being 
moderately sensitive to acidity, despite the large number of 
resistant and tolerant animals. The community contains all 
feeding categories but, due to Gammarus fossarum, shred- 
ders are the dominant group, and, in contrast to Group I, nu- 
merous grazers were present. 
• Group III 
Group III includes most of the helocrenous and limnocre- 
nous springs (Fig. 2). Included in this group are six helocre- 
nes, three limnocrenes and one rheocrene. Water chemistry is
variable. Oxygen saturation ranges from 55% to 97% (mean 
= 75.93%, SD. = 27.16) and is significantly lower than in 
group I (U-Test: p = 0.0372, n = 22), but not than in group II. 
pH-values vary widely and do not differ significantly from 
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~b~e3.~verv iew~fthere~at ive~equenc ies~f~espec iesandtaxaf~und inthe33samp~es i tes inspr ing~995 
Turbellaria 
Polycelis felina 
Gastropoda 
Ancylus fluviatilis 
Bythinella dunkeri 
Galba truncatula 
3 4 2  3 3 - 3 4 3 4 5 - 3 5 3 - 4 3 3  
4 35  
Bivalvia 
Pisidium casertanum 
Pisidium personatum 
Oligochaeta 
EisenielIa tetraedra 
Oligochaeta indet. 
Crustacea 
Gammarus fossarum 
Niphargus p. 
Ostracoda indet. 
Ephemeroptera 
Baetis vernus 
Plecoptera 
Amphinemura sp. 
Leuctra nigra 
Leuctra sp. 
Nemoura cambrica 
Nemoura cinerea 
Nemoura flexuosa 
Nemoura marginata 
Nemoura sp. 
Nemour idae  indet. 
Nemurella pictetii 
Protonemura risi 
Protonemura sp. 
Heteroptera 
Gerris sp. 
Velia caprai 
Plannipennia 
Sialis fuliginosa 
Coleoptera 
Agabus bipustulatus 
Agabus didymus 
Agabus guttatus 
Agabus melanarius 
Agabus p. 
Anacaena globulus 
Elmis aenea 
Elmis latreillei 
Elmis sp. 
2 4 
3 
35  1 
2 
1 
2 1 2 22  1 2 - 2  
1 - 1 2 - 1 
4 1 2 2 2 - 2 
1 5 5 4 - 5 4 5 4 7 4  
2 - 32  
- 2 2  
5 - 1 - 44  
2 
2 3 - 
3 3 3 2 - 2  
2 - 2  
22  4 
23  2 3 
1 
3 - 2 
1 
4 - 3 
2 - 3 - 3 2 
2 1 - 3 4  
3 2 2  
3 
1 
1 
1 2 3 - 2 
2 1 - 1 2 2 
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Table 3. (Continued). 
Taxa ~ ~ eq ~ o eq ~ ~ o ~ ~ ~ o ~- t'- o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ,~ t~ ~ -- ~ ~ ~ 
Georyssus sp. 1 
Graptodytes p. 1 
Haliplus sp. 1 
Helodes p. 1 1 1 3 - 2 
Helophorus p. 1 
Hydrobius fuscipes 2 
Hydroporus p. 2 1 2 1 - 
Tr ichoptera  
Adicella reducta 1 
Agapetus fuscipes 2 5 2 
Apatania fimbriata 2 
Beraea pullata 
Chaetopterygopsis c.f. 
Chaetopteryx sp. 
Crunoecia irrorata - 2 
Drusus trifidus 
Enoicyla pusilla 2 
Leptoceridae 2 
Limnephilidae 1 
Limnephilus sp. 
Lithax niger 
Micropterna sp. 
Plectrocnemia conspersa 
Plectrocnemia geniculata - - 1 
Sericostoma personatum - 2 2 
WormaIdia occipitalis 
Diptera  
Bezzia sp. 
Ceratopogonidae indet. 
Chironomidae indet. 
Chironomus plumos.- 
Group 
Chironomus thummi- 
Group 
Dixidae indet. 
- 2 
1 
2 
222 - 3 
3 
3 - 
3 
2 1 
1 1 
3 
1 
2 - 2 
2 3 - 2 
2 
3 - 
2 1 - 2 
2 3 
1 - 
Eristalinae 
Limoniidae indet. 
Orthocladiinae indet. 
Pericoma sp. 
12 
2 2 - 3 
2 
4 
2 2 
3 3 2 2 4  2 - 3 2 5  
1 
1 2 
- 2 - 2 2 -  
1 - 
Prodiamesa olivacea 
Psychoda sp. 
Psychodidae indet. 
Ptychoptera sp. 
Simulium brevidens 
Simulium costatum 
SimuIium latipes 
Simulium sp. 
Tabanidae indet. 
Tanypodinae indet. 
Tanytarsini indet. 
Tipulidae indet. 
Amphib ia  
Salamandra salamandra 
22  
3 1 
2 
22  
3 
33 
4 - 3  26  
2 1 
3 2 5 - 2  
232  
22  
2 2 2 2 
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Table 4. Presence (Pres.) and frequency (Frequ.) of species and taxa in all sites and in the three groups of springs described. Shown are all 
taxa and species having a presence > 20% inside one of the three groups. *) The numbers of species given for each systematic group also in- 
cludes species with a presence < 20%. Species and taxa characteristic of a category of springs are marked by a frame. 
Presence: -- = absent; o = little (1-24%); + = medium (25-49%); ++ = much (50-74%); +++ = very much (>= 74%). 
Frequency (mean of settled sites): -- = absent; o = single (1); + = rare (2-5); ++ = medium (6-10); +++ = frequent (11-25); ++++ = very fre- 
quent (26-50). 
Taxon All sites Group I Group II Group III 
Pres. Frequ. Species*) Pres. Frequ. Species*) Pres. Frequ. Species*) Pres. Frequ. Species*) 
Turbellaria + +++ 1 
Polycelis felina + +++ 
Gastropoda o +++ 3 
Bythinella dunkeri o +++ 
Bivalvia o +++ 2 
Pisidium casertanum o +++ 
Oligoehaeta ++ + 2 
Eiseniella tetraedra o + 
Oligochaeta indet. + + 
Crustaeea + ++++ 3 
Gammarus  fossarum + ++++ 
Pleeoptera +++ +++ 12 
Leuctra nigra + +++ 
Leuctra sp. o + 
Nemoura cinerea o + 
Nemoura flexuosa o + 
Nemoura marginata o + 
Nemouridae indet. + ++ 
Nemurella pictetii o ++ 
Protonemura sp. o ++ 
Coleoptera ++ + 16 
Agabus sp. o + 
Anacaena globulus o + 
Elmis latreillei o ++ 
Helodes sp. o + 
Helophorus p. o o 
Hydroporus p. o + 
Triehoptera ++ ++ 18 
Agapetus fuscipes o +++ 
Beraea pullata o + 
Chaetopteryx sp. o ++ 
Crunoecia irrorata o ++ 
Leptoceridae indet, o + 
Plectrocnemia geniculata o + 
Sericostoma personatum o + 
Diptera +++ +++ 22 
Ceratopogonidae indet, o ++ 
Eristalinae indet, o o 
Limoniidae indet, o + 
Orthocladiinae indet. + ++ 
Simulium brevidens o ++ 
Tanypodinae indet. + ++ 
Tanytarsini ndet, o +++ 
Tipulidae indet, o + 
Amphib ia  o + 1 
Salamandra salamandra o + 
++ ++ 1 
I++ ++l  
. . . .  0 
o + 1 
0 + 
++ + 1 
++ + 
o o 1 
+++ +++ 7 
+ ++ 
0 + 
0 ++ 
++ ++ 
0 + 
0 ++ 
+ + 3 
0 0 
0 0 
+ ++ 8 
0 + 
0 + 
0 0 
0 + 
+++ +++ 8 
0 + 
+ ++ 
0 ++ 
0 + 
0 +++ 
0 0 
o + 1 
0 + 
+++ +++ 1 . . . .  0 
I+++ +++l  . . . .  
+ +++ 2 . . . .  1 
+ +++ . . . .  
o +++ 2 + ++ 2 
0 +++ + +++ 
++ + 2 ++ + 2 
+ 0 + + 
+ ++ + + 
+++ ++++ 2 . . . .  0 
I+++ ++++1 . . . .  
+++ +++ 8 ++ +++ 7 
0 +++ 0 ++ 
. . . .  0 + 
. . . .  0 + 
0 + . . . .  
0 + 0 0 
+ ++ ++ ++ 
. . . .  ]++ ++[  
+ ++ . . . .  
[+++ ++ 10 +++ + 8 
+ + 
0 ++ 
+ + 
[+++ +++ 13[ 
+ +++ 
0 ++ 
+ + 
0 + 
+ + 
+++ +++ 11 
0 ++ 
0 + 
++ ++ 
0 + 
0 ++ 
0 + 
+ + 
+ + 
O + 
+ + 
++ ++ 
O + 
O + 
O O 
+++ +++ 18 
0 0 
0 + 
++ ++ 
++ ++ 
++ +++ 
0 + 
+ + 
+ + 
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either group I or group II. Fine substrates are significantly 
more frequent in group III than in group I (U-Test: p -- 
0.0013, n -- 22) or in group II (U-Test: p = 0.0525, n -- 21), 
while conversely coarse substrates are less frequent in group 
III than in group I (U-Test: p = 0.0004, n = 22) or in group II 
(U-Test: p -- 0.0245, n -- 21). But, with respect o the dis- 
charge no significant differences could be detected between 
group III springs and the springs of the other groups. 
Macrobenthic communities of group III springs are char- 
acterized by huge populations ofDiptera, especially Tanypo- 
dinae and Tanytarsini (Tables 3 and 4). Coleoptera nd Ne- 
murelIa pictetii are widespread and common, while Gam- 
marusfossarum and Polycelisfelina are absent. In group III, 
47 taxa have been found, and richness of taxa and species is 
significantly higher (U-Test: p = 0.0431, n = 22) than in 
group I, but not than in group II. 
Crenobiontic or crenophilous organisms dominate com- 
munities of group III springs (Fig. 3). Most animals found 
are filterers or sediment eaters, and grazers are absent. 
All animals hown in Fig. 3 are resistant or tolerant to acidi- 
fication, but for the most import group, the Diptera, data 
concerning sensitivity to acid are not available at a family 
level. 
The number of Gammarus fossarum is correlated with 
pH-value (Spearman corr. = 0.6075, n = 33, sig = 0.000), and 
Polycelis felina has an affinity to coarse substrates (Spear- 
man corr. -- 0.4569, n -- 33, sig = 0.008). There is a weak neg- 
ative correlation between coarse substrata nd Nemurella 
pictetii (Spearman corr. = -0.3246, n = 33, sig = 0.065), 
Nemouridae (Spearman corr. -- -0.3529, n -- 33, sig = 0.064) 
and Pisidium casertanum (Spearman corr. =-0.3420, n = 33, 
sig = 0.051), while the Tanytarsini show an affinity to detri- 
tus (Spearman corr. = 0.3665, n = 33, sig = 0.036). 
Explanation of dimension 2 is unsatisfactory, but there 
seems to be also a substrate factor, because of the positive 
correlation to gravel (Spearman con'. -- 0.4432, n = 33, sig = 
0.010) and a negative correlation to anoxic mud (Spearman 
corr. = -0.3893, n -- 33, sig = 0.025). However, correlations 
to hydrochemical parameters or the discharge could not be 
found. 
Occurrence of Leuctra nigra (Spearman corr. = 0.4696, 
n -- 33, sig -- 0.006) and Polycelisfelina correlate positively 
to dimension 2 (Spearman corr. = 0.3913, n -- 33, sig = 
0.024), probably because of their preference to gravely sub- 
strates. 
• MDS 
Fig. 2 is the ordination of the springs using macrohenthic 
data, and the discriminant analysis hows that this classifica- 
tion is also valid for abiotic data, as expected, because the 
distribution of the animals is based on the abiotic character- 
istics of the habitat. Hence, the MDS vectors hould be expli- 
cable by both abiotic factors and by species occurrence. 
The most important factor in dimension 1 (Fig. 2 ) is a 
substrate factor overlaid by a hydrochemical factor. Group 
III springs occurring as negative values are rich in fine sub- 
strates together with the lotic, acidified group I springs, 
while group II springs have positive values and are rich on 
coarse substrates and are not acidified. Indeed, there are pos- 
itive correlations between dimension 1 and coarse substrates 
(Spearman corr. = 0.4320, n = 33, sig = 0.012) and the 
pH-value of the springs (Spearman corr. = 0.3162, n = 33, 
sig = 0.073), and there are negative correlations between 
dimension 1 and both detritus (Spearman corr. = -0.4503, 
n = 33, sig = 0.009) and anoxic mud (Spearman corr. = 
-0.4497, n = 33, sig = 0.009). No significant correlation 
could be found between dimension 1 and the discharge. 
With respect to the macrobenthos, the occurrence of 
Gammarusfossarum (Spearman corr. = 0.6149, n = 33, sig = 
0.000) correlates positively with dimension 1, as does 
Polycelis felina (Spearman corr. = 0.7081, n = 33, sig = 
0.000), while negative correlations exist for Diptera (Spear- 
man corr. = -0.4799, n = 33, sig = 0.005) except Orthocladi- 
nae, Nemurella pictetii (Spearman corr. = -0.5058, n = 33, 
sig = 0.003) and for Nemouridae (Spearman corr. = -0.3523, 
n = 33, sig = 0.044). 
Discussion 
The 33 undisturbed springs selected for this study are 
probably representative for the area investigated; they show 
a distribution of morphological spring types and physico- 
chemical parameters (pH-values, aluminium, buffering ca- 
pacity, conductivity, oxygen and discharge) similar to those 
found by FmDLER-WEDMANN & HAHN (1996) for 141 
springs in Pfiilzerwald mountains. 
Ordination of using faunistic data is commonly difficult 
due to the infrequent occurrence ofmost of the species in the 
data set (BONETTIN~ & CANTONATI 1996). The clear separa- 
tion of groups found in this study is probably due to the ho- 
mogeneity of the sandstone springs and their catchments. 
Despite this, the complexity of factors regulating macroben- 
thic communities in springs is high (FISCHER et al. 1998), and 
many of these factors, connected tomicrohabitat conditions, 
could not be recorded by the sampling method applied in this 
study which was focused on the major and dominating fac- 
tors at spring level. 
Due to the sandstone landscape, the main type of springs 
are rheocrenes and only 32% are limnocrenes and helo- 
crenes. 21% of the springs are more acid than pH 5. All the 
springs how a well-balanced discharge, hence, the contrast 
between springs with high current and coarse substrata on 
the one hand and lenitic springs with fine substrata on the 
other is a characteristic of the area. An other characteristic of 
the Pf~ilzerwald mountains springs are poor buffering capac- 
ities, often connected with low pH-values. 
These two factors, substrata and pH-values, determine the 
communities of the sandstone springs. So, MDS separates 
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three groups of springs by macrobenthic populations: acidi- 
fied rheocrenal springs with coarse inorganic substrates 
(group I), neutral and poorly acidified springs, mostly 
rheocrenes, with inorganic oarse substrates (group II) and 
lenitic springs with fine organic substrates (mostly limnocre- 
nes and helocrenes) and a wide range of pH-values (group 
III). This classification correlates with both abiotic and to 
macrobenthic data. 
In contrast o the results presented here MEZQUITA et al. 
(1999) and VERDONSCHOT & SCHOT (1987) regard substrates 
only as a diversifying factor in determining crenal mac- 
robenthic assemblages. Both groups of researchers worked 
exclusively on helocrenous springs, which are, with respect 
to their substrates, relatively homogenous. Hence, in he- 
locrenes other, more variable environmental factors like cli- 
mate, constancy of discharge, water chemistry and eutrophi- 
cation control the composition of the benthic fauna. So, clas- 
sification of helocrenes should be based on other parameters 
than the classification of a wide range of springs does, which 
differ strongly in morphology. In the Pf~ilzerwald mountains, 
for example, the springs are very homogenous with regard to 
climate, geology, constancy of discharge and eutrophication, 
but with respect to pH-value, morphology and substrata 
there are huge differences between them. From this, the latter 
factors are the prime factors determining the macrobenthic 
communities of the Pf~ilzerwald mountains springs. 
The influence of substrates on macrobenthic spring com- 
munities has been noted widely (e.g. ROCA • BALTANAS 
1993; BONETTINI 8~: CANTONATI 1996; FISCHER et al. 1998; 
WAGNER et al. 1998). The types and mosaics of these sub- 
strates depend irectly on the strength of current, which was 
not measured in this study, rather than on the discharge. That 
is the reason, why there is no difference in discharge between 
the three groups of Pf~ilzerwald mountain springs, but in sub- 
strata. 
Low pH-values limit species richness by its physiological 
effects and by inhibiting aufwuchs algae (MATTHIAS 1983; 
BOHMER & RAHMANN 1992; BRAUKMANN 1992; FIEDLER- 
WEIDMANN & HAHN 1996). Hence, low pH-values in particu- 
lar cause a lack of grazers (MAUDEN 1993). 
Substrates form different microhabitats both as living 
space and as a food resource. So, group III springs, charac- 
terized by fine substrates and low current velocity, show high 
numbers of limnophilous, mud and organic matter dwelling 
taxa, like Tanypodinae, Tanytarsini and Nemurella pictetii as 
well as sediment eaters and filterers such as many of the 
Diptera and Pisidium personatum. No grazers could be 
found in group III spring probably because of the lack of 
epilithic algae. 
In the lotic unacidified group II springs, rheophilous 
species like Gammarus fossarum, Polycelis felina and Seri- 
costoma personatum play an important role in community 
structure. Due to aufwuchs algae on coarse substrates, graz- 
ers like Agapetus fuscipes, Bythinella dunkeri or Ehnis la- 
treiIlei are common in these springs. 
Acid group I springs are populated by rheophilous species 
like group II springs, but there are only very few grazers and 
no species ensitive or moderately sensitive to acid such as 
Gammarus fossarum, hence the numbers and diversity are 
low. Group I assemblages are dominated by taxa that are re- 
sistant or tolerant o acid, like Nemouridae, Polycelisfelina 
and Leuctra nigra. 
Surprisingly, no species were found in group III springs 
that are sensitive or moderate sensitive to acid, although 50% 
of these springs how pH-values higher than 5.9. An explica- 
tion for this observation could be, that mud dwelling species, 
which are typical for group III springs, probably are very tol- 
erant o variation in hydrochemical parameters. Such a toler- 
ance is known from interstitial meiofauna, where it seems to 
be an adaptation to rapid changes of sediment chemistry 
(GIERE 1994; PLENET et al. 1996; HAHN 1996). 
All groups of springs show high proportions of creno- 
biontic and crenophilous organisms, even the acid springs 
with their reduced species and taxonomic richness. Due to 
Gammarus fossarum, group II communities also have huge 
numbers of crenophilous-rhithrobionthic individuals. So, 
unacidified rheocrenes, commonly considered as the most 
typical springs, show the highest proportion of non-creno- 
biontic/crenophilous organisms. This finding may have been 
different, if Diptera had been determined to the generic or 
species level, rather than the family or subfamily level used 
in this study, although this is considered unlikely because the 
proportion of spring specialists within the Diptera is not dif- 
ferent from other taxonomic groups (F~sCHER 1996b). It 
seems then that spring organisms are often more tolerant o 
low pH-values than are rhithrobiontic species. 
In fact, comparative investigations in the Black Forest 
and in the Upper Rhine Plateau (STEENKEN 1998) show, that 
typical spring and groundwater dwelling crustaceans, like 
many species of the genera Bryocamptus, Moraria, Paras- 
tenocaris, BathyneIla, Parabathynella nd Niphargus, are 
tolerant o low pH-values. An explanation for that could be, 
that, especially in siliceous areas, pH-values in the ground- 
water and in springs are often reduced ue to being supersat- 
urated with CO2. This gas is lost after the water has flowed 
several meters downstream, and the pH-values rise. This is 
probably one of the reasons that springs are naturally more 
acid than streams in the same area, and it could account for 
the higher tolerance of spring organisms to low pH-values 
and would be an additional adaptation to crenal life condi- 
tions. 
No single environmental factor could be found which de- 
termined the specific character of the crenon and which was 
common to all three groups of springs described. The typical 
spring character is not explicable by one or several abiotic 
factors, but only by a poorly understood complex of factors. 
One of these factors, which is probably strongly unteresti- 
mated in its effects, is interspecific ompetition. It seems to 
be, that competition is one of the prime factors determining 
spring communities (FISCHER 1996a) as well as for ground- 
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water assemblages (HAHN & FRIEDRICH 1999). Both biotopes 
are very similar in many aspects. Although they are charac- 
terized by a certain constancy of the environment, living 
conditions are severe. Temperature and pH-values are often 
more or less low, as are food ressources and oxygen concen- 
trations. Hence, both springs and groundwater can be consid- 
ered not only as stable refugia for some species to survive 
varying environmental conditions but also as refugia for 
species which are poor in interspecific ompetition. Good 
examples are the gammarid amphipods Niphargus pec. and 
Gammarus fossarum. Gammarus is a typical species of the 
epirhithral, which also occurs frequently and in high num- 
bers in springs, while Niphargus is a stygobiontic species, 
that often migrates actively into springs. If the nutritive situ- 
ation and the buffering capacity of the water are good, Gam- 
marus dominates and Niphargus seldom occurs and then 
only in low numbers. But if pH-values are constantly lower 
than 6 Gammarus disappears and Niphargus, which is toler- 
ant to acid, can be often found in more or less high numbers. 
These findings suggest, that a closer co-operation be- 
tween crenobiologists and stygobiologists i desirable, just 
the same as traditionally exists between running water lim- 
nologists and crenobiologists. Further investigations are re- 
quired to gain a better understanding of crenal life condi- 
tions, and there is also a need to examine the autecology and 
to focus not only on the spring level but also on a finer, mi- 
crohabitat level. 
Zusammenfassung 
Bei der Klassifizierung yon 33 naturnahen, perennierenden Quellen 
des Pf~ilzerwaldes anhand ihrer macrobenthischen Lebensgemein- 
schaften zeigte sich, dab bier drei verschiedene Gruppen zu unter- 
scheiden sind. Als erst Gruppe sind Ienitische Quellen, meist Limno- 
und Helokrenen, mit hohem Anteil feiner Substrate zu nennen. Die 
lotischen Quellen, meist Rheokrenen, gepr~igt durch hohe FlieB- 
geschwindigkeit und gr6bere Substrate, lassen sich in zwei weitere 
Gruppen unterteilen, ~imlich versauerte mit pH-Werten meist unter 
5,5 und mehr oder weniger unversauerte mit pH-Werten fast immer 
tiber 6. 
Alle Quellen, insbesondere auch die versauerten, sind Uber- 
wiegend yon krenobionten oder krenophilen Arten besiedelt. Aller- 
dings weisen die unversauerten, lotischen Quellen einen hohen An- 
teil rhithrobionter Organismen auf. Daher wird vermutet, dab Quell- 
bewohner in Anpassung an die besonderen Lebensbedingungen des 
Krenals s~iuretoleranter alsrhithrobionte Arten sind. 
Der im Pf~ilzerwald in erster Linie die Besiedlung der Quellen 
bestimmende Faktor ist, als Ausdmck der Str6mung, der Charakter 
der Substrate. Als weiterer wesentlicher Faktor kommt bei den loti- 
schen Quellen der pH-Wert hinzu, w~ihrend bei den lenitischen 
Quellen kein Einflug der S~urekonzentration aufdie Struktur der 
makrobenthischen Z6nosen festgestellt werden konnte. 
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